We have studied the room-temperature magnetoimpedance of paramagnetic (x = 0.06) and
Introduction
The most remarkable property of manganese perovskite oxides (R1-xAxMnO3 where R = La, Pr, Nd etc., and A = Sr, Ba, Ca) is the occurrence of colossal negative magnetoresistance around ferromagnetic Curie temperature and below. Magnetoresistance is usually measured by a four-probe method with a direct current (dc) or a low frequency (f < 500 Hz) current using a lockin amplifier. On the other hand, magnetoresistance in GHz range is estimated from the changes in microwave reflectivity of a cavity resonator loaded with a manganite sample while an externally applied dc magnetic field is swept. The change in microwave reflectivity is related to an alteration in surface resistance of the sample. Dominguez et al. 1 and Srinivas et al. 2 reported large microwave magnetoresistance at low fields (~80% for H = 600 Oe) compared to magnetoresistance measured with a dc current in ferromagnetic samples of Nd0.7Sr0.3MnO3 and La0.7A0.3MnO3 (A= Sr, Ba), respectively. However, those measurements were restricted to a single microwave frequency (f = 9.8 GHz), and multiple cavities had to be used for different frequencies. Very recently, we have reported that the magnitude of magnetoresistance in samples of La0.7Ca0.3-xSrxMnO3 series is not only enhanced if a radio frequency (RF)/ microwave (MW) current (f = 0.01 to 3 GHz) is directly passed through the sample, but the field-dependence of high frequency magnetoimpedance (f = 0.1 to 3 GHz) also shows features of ferromagnetic and paramagnetic resonances (FMR and EPR). 3 The possibility of FMR detection via magnetoimpedance was proven for Co-based amorphous alloys but not for EPR 4, 5 . Electrical detection of EPR and FMR using a simple magnetoimpedance method that does not make use of microwave cavities or coplanar waveguides is advantageous for applications because of the simplicity of the technique. However, it is important to confirm these results by alternative methods. For this purpose, in this work, we have used two different techniques making use of two different instruments (An RF impedance analyzer and a vector network analyzer).
Experimental details
Polycrystalline samples of La0.7Ca0.3-xSrxMnO3 (x = 0 to 0.3) were prepared by solid state reaction method and characterized earlier by X-ray diffraction, magnetization and magnetoimpedance. Previously, we reported that the ferromagnetic Curie temperature (TC) increased with Sr content 3 . The samples with x > 0.06 are ferromagnetic and x < 0.06 are paramagnetic at room temperature. We choose a sample of La0.7Ca0.24Sr0.06MnO3 which is paramagnetic at room temperature (TC = 292 K) and a sample of La0.7Ca0.2Sr0.1MnO3 which is ferromagnetic (TC =309 K) at room temperature (T=298 K) for the present work. These samples were cut into a rectangular shape (5 mm length x 3 mm width x 2 mm thick). A copper strip of similar dimensions made from 0.2 mm thick copper sheet was folded into a cuboidal coil. The sample was firmly held inside the strip coil. The inner surface of the strip coil was covered with a Kapton tape layer to electrically isolate the sample from the copper strip. The two ends of the copper strips were connected to a radio-frequency impedance analyzer (Agilent model E4991A) or to a vector network analyzer (Agilent model N5230A) using high frequency cables from HUBER+SUHNER. These instruments were calibrated by performing the standard open-shortload procedure. The strip coil with the sample was placed at the center of poles of an electromagnet. Resistance of the strip coil was measured by the impedance analyzer for each dc magnetic fields for different frequencies of alternating current (ac). Magnetoresistance is calculated from the standard definition:
is the resistance in a field H for a frequency (f) of the current. Data were taken without and with the sample inside the strip coil for same set of frequencies and magnetic fields. Later, the empty coil 4 data was subtracted from the MRac data taken with the sample. The magnetic field dependence of the microwave power absorption (MWPA) was measured using a vector network analyser (VNA) over a broad frequency range (100 MHz -2.5 GHz). Here also, the empty coil data were subtracted.
Previously, Korenivski et al. 6 had employed a similar copper strip to measure impedance up to 1 GHz using impedance analyzer HP4191A. For MWPA measurement, reflection coefficient of electromagnetic waves in the copper strip is measured via the S11 scattering parameter. S11
represents the power that is reflected from the device connected to the VNA. To estimate the power absorbed by the sample in the strip coil due to the application of a magnetic field, we record ∆P(H) = S11(H, f)-S11(Hmax, f) where, Hmax is the maximum value of the applied dc magnetic field.
Results
Figs. 1(a) and (b) display the magnetic field dependence of the alternating current (ac) magnetoresistance (MRac) for the samples x = 0.06 and 0.1, respectively at room temperature in the frequency range: f = 0.1 to 2.5 GHz. The MRac at f = 0.1 GHz and 0.5 GHz for the paramagnetic sample x = 0.06 displays a single peak at the origin Hdc = 0. Surprisingly, MRac for f > 0.5 GHz abruptly increases and exhibit a peak at Hdc = ±Hc on either sides of the zero field. Both the peaks at ±Hc shift towards higher value of Hdc with increase in the frequency of the ac current. On the other hand, MRac at f = 0.1 GHz for the ferromagnetic sample x = 0.1 also shows a single peak at Hdc = 0. However, as the frequency of the current increases above f = 1 GHz, the single peak at Hdc= 0 splits into two symmetrical peaks at Hdc = ±Hp on either sides of Hdc = 0. In addition, both these peaks also move towards higher value of Hdc as the frequency of the current increases further, similar to the response observed in the paramagnetic sample. However, the peaks in MRac occurs at higher values of Hdc for the paramagnetic sample (0.784 kOe at 2 GHz) in comparison to the ferromagnetic sample (Hp = 0.402 kOe at 2 GHz). 
Discussion
The flow of RF current in the copper strip coil generates axial RF magnetic field at the center of the coil and hence the sample's magnetization oscillates with the frequency of the RF magnetic field, which in turns affects the complex impedance (Z) of the strip coil, The real (R) and hrf is the amplitude of the RF magnetic field. Magnetic field dependence of r″ goes through a peak value at the resonance field (Hres), hence, power absorption P(Hdc) will also show a peak at fitting of the MRac line shape at f = 2 GHz for the x = 0.06 sample is shown on the left y-scale of Fig. 3(a) . We have also analyzed the normalized microwave power absorption (P (Hdc)) line shape for the paramagnetic x = 0.06 sample using a linear combination of the symmetric and the antisymmetric Lorentzian functions which can be expressed as,
where, PSym and PAsym are the coefficients of symmetric and antisymmetric Lorentzian functions and P0 is a constant. The fitting of the P line shape at f = 2 GHz is shown on the right y-scale of Fig. 3(a) . Hres and H were obtained using these fits and analyzed. H for the ferromagnetic x=0.1 sample was too broad (H > Hres) and could not be obtained using Eq. 2 or Eq. 3. H for the paramagnetic x=0.06 sample was obtained and presented in Fig. 3(b) . H 
It can be observed, for the paramagnetic sample, that Hres increases linearly with f and hence follows the resonance condition for EPR, i.e., fres = (/2) Hdc, where  is the gyromagnetic ratio. subjected to RF magnetic field induced by the alternating current in the strip coil indeed confirms our earlier results obtained when RF currents were directly passed through the samples 3 . An added advantage of the strip coil technique is that it can also be used for insulating magnetic samples.
Summary
In summary, we have investigated the change in electrical impedance in a paramagnetic (x = 0.06) and ferromagnetic (x = 0.1) samples in La0.7Ca0.3-xSrxMnO3 series as a function of dc magnetic field and frequency using a radio-frequency impedance analyzer by measuring the impedance of a strip coil enclosing the sample inside it at room temperature. Our magnetoimpedance results show features of electron paramagnetic resonance and ferromagnetic resonance in x = 0.06 and 0.1, respectively which were validated by microwave absorption measurements using a vector network analyzer. Hence, this low-cost magnetoimpedance technique 9 can potentially investigate spin dynamics in various nanostructured magnetic materials or insulators. 
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